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The presence of heterogeneous forms of lactic
dehydrogenase (LDH) in various animal tissues
has been well documented. Most mammalian
tissues were shown to contain a complement of
five electrophoretically distinguishable LDH
types or isozymes. Disassociation studies em-
ploying guanidine (1), and amino acid analyses
(2), have shown that each isozyme is a tetramer
molecule composed of varying combinations of
two types of subunits. The tetramer structure of
LDH isozymes and the existence of two subunit
types was confirmed in an elegant way by in
vitro disassociation and recombination studies.
Markert (3) demonstrated that under proper
conditions a mixture of two isozymes, each com-
posed of one type of subunit, can be disassociated
into monomer units and then recombined to form
mixed tetramers corresponding to the five
isozymes found in tissues. Recent discovery of
unusual isozymes in mammalian testes (4, 5),
spermatozoa (6, 7), and fish tissues (5) required
the postulation of a third subunit. The existence
of 3 LDH subunits can account for up to 15
isozymes and adequately explains the large
number of isozymes observed in fish muscle as
well as new isozyme hybrids artificially produced
on reassoeiation of testes LDH monomers. The
occurrence of an additional isozyme in rat kidney
has also been reported (9) however, it is claimed
that this form is not identical with isozyme char-
acteristic of spermatozoa since it differs from the
latter in certain physical properties and substrate
requirements.
The present communication describes the
isozymes of LDH of human skin. Whereas other
investigators (10, 11) have reported four iso-
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zymes, we have found that human epidermis and
dermis contains six LDH isozymes which are
separable by starch gel eleetrophoresis. The first
five isozymes resemble the five found in other
tissues. On the basis of substrate requirement
and relative stability to urea, butanol and heat,
the sixth isozyme with the highest anodal mo-
bility appears to be a different form than any
previously described.
METHODs
Tissue preparation .—Humau epidermal homoge-
nates (60—100 mg/ml) were prepared from skin
obtained from the edge of abdominal surgical in-
cisions. Epidermis was isolated by a modification(12) of the Van Scott (13) "stretch method."
Monkey (Rhesus female, 4 years old) epidermal
homogenate were prepared in the same manner
after shaving the hair. Rat (150 gm, female Wistar/
Furth) epidermal homogenates were prepared
from epidermis separated by the Castroviejo
Electro-Keratome using the 0.1 mm shim, after a
preliminary plucking of the hair.
Dermis homogenates (100 mg/ml) were prepared
from dermis freed of epidermis and underlying fat.
All homogenates were prepared in a motor-driven
(600 rpm) iced ground glass homogenizers. Epi-
dermis was homogenized 2-3 minutes and dermis
from 3—5 minutes.
Electrophoresis.—Zone electrophoresis was per-
formed using a gel prepared from specially hy-
drolyzed starch (Fisher Scientific Co.) and barbi-
tal buffer (ionic strength = 0.05, pH 8.5). Most
separations were done by vertical electrophoresis
as described by Smithies (14) and Plagemann (15).
Horizontal eleetrophoresis (16) was carried out
using the gel system, time and temperature as
used in the vertical separations.
Gels were prepared with slots to accommodate
40 or 200 ol per slot. The gels were electrophoresed
against a barbital buffer ionic strength = 0.1 at
pH 8.5. The voltage gradient across the gel was
4.7 volts/cm; duration of electrophoresis was 5 to
6 hours at 4° C.
The LDH was localized on the gel by incubating
the gel in the dark at 38° C in a media containing
0.1 Msodiumlactate, 0.27mg/mI NAD, 0.OSmg/ml
p-iodonitrotetrazolium violet and 0.12 mg/ml
phenazine methosulfate in a 0.15 M phosphate
buffer pH 7.5. After incubation the gel was washed
for 15 minutes in running tap water.
Epidermal proteins were localized on the gel
after separation by eleetrophoresis by staining
with Amino-Black as described by Smithies (16).
Isozymes were characterized after elution from
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gels as follows: a preparatory gel (200 p1/slots)
was started exactly three hours after an identical
indicator gel (40 el/slot). The indicator gel was
incubated as previously described in lactate-
tetrazolium media. This stained gel was used as a
guide to cut out the area of the preparatory gel
containing each LDH isozyme. The sample gels
were stored at —70° C overnight. The isoxymes
were extracted from the gel by pressing the thawed
gel through a 10 cc syringe whose orifice was
covered with several circles of filter paper. LDH
activity of all isozymes was measured in two sys-
tems utilizing either pyruvate or lactate as sub-
strates. Twenty-five il of the isozyme extract was
incubated with 25 ,4 of a mixture containing 470
mM lithium lactate, 7.5 mM NAD in a 0.22 m
2-amino-2-methyl-1-propauol-HC1 buffer at pH
9.7 for two hours at 38° C. The tubes were returned
to the ice bath and a 25 el aliquot taken and added
to 1.0 ml of 0.1 M Na2CO3-O.O1 M NaHCO3 (pH
10.6) in 3.0 ml fiunrometer tubes. The reduced
pyridine nucleotide was measured fiuorometri-
cally. A standard containing 4.5 X l0° moles of
NADH was carried along with the samples. Tn
measured LDH activity in the opposite direction,
25 pl of the elution was added to 25 "1 of a mixture
containing a 3.0 mM sodium pyruvate, 2.5 mM
NADH, 40 mM nicotinamide in a 450 mM tris
(hydroxymethyl) aminomethaue-HC1 buffer, pH
7.6. After two hours at 38° C the tubes were re-
turned to an ice bath and to each was added 2 pl
of 6N HC1. An 8 pl aliquot was taken and added
to l3Opl of 6.6N NaOH in 3.0 ml fluorometer tubes.
One ml water was added to each tube after 30
minutes at 38° C. The oxidized pyridine nuclen-
tide was measured fluorometrically. Standards
containing 7.5 >< 10 moles NAD+ were carried
along with the samples. Samples from both pro-
cedures were read on the Farrand Model D Fluor-
ometer against quinine sulfate working standards.
The filters used for measurement of both oxidized
and reduced pyridine nuclentides were Corning
Glas No. 5860 as a primary filter and Nos. 4308,
5562 and 3387 as secondary filters.
Fin. 1. Electrnphoretic patterns of human
epidermal and dermal LDH on starch gel. (Ep)
Epidermis (Ti) Dermis.
Fin. 2. Distribution of epidermal LDH from
various sources and of human epidermal protein.(A) Hnman epidermis (B) Rat epidermis (C)
Monkey epidermis (D) Human epidermal protein.
Urea inhibition was determined by incubating
the eluted isnzymes with a lactate-NAD reagent
which was 2.6 M in urea. Oxalate inhibition was
determined by incubating the eluates with the
pyruvate-NADH reagent which was 8 mM in
sodium oxalate. In both eases the fiunrometrie
assay procedure followed that as described above.
The effect on n-butanol on the LDH isozyme
was tested by making a human epidermal homoge-
nate 20% in cold n-butanol by volume. After mix-
ing, the mixture was centrifuged (1800 X g) for 30
minutes at 4° C. The aqueous layer was electrn-
phoresed as described above.
RESULTS
The relative distribution nf human epidermal
and dermal LDH are shown in figure 1. Epidermal
LDH is separable into six isozymes as is dermis.
The relative concentrations of LDH isozymes of
epidermis differ from those of dermis. The overall
concentration of total epidermal LDH is much
greater than that of dermis as was shown quanti-
tatively by Hershey (17).
The fastest moving anodic LDH band of
human epidermis and dermis will be designated
as LDHS and five remaining proceeding sequen-
tially toward the cathode are designated LDH1
LDH2, LDH, LDH4 and LDH5.
Figure 2 gives a diagrammatic representation
of the relative distribution of epidermal LDH
from various sources and the distribution of
human epidermal protein from epidermal homog-
enates separated under the same eleetrophoretie
conditions. It should be noted that the major
protein band and LDHS coiacide in both width
and position. The sixth isozyme, LDH was not
observed in rat or monkey epidermis. Human
muscle, liver and plasma LDH electrophoresed
under the same condition as human epidermis
gave the five isozymes as reported by Plagemann
(15) and Yesell (18). The five LDH isozymes of
human liver coincided with epidermal and dermal
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same relative distance from the origin when
separated on the same gel. Washed human
sperm gave only one isozyme of LDH when sepa-
rated under the stated conditions. The spermatic
isozyme did not coincide with LDHS or the other
five isozymes of human epidermis.
Both horizontal and vertical eleetrophoresis
gave the same distribution of epidermal LDH
isozymes.
All isozymes were stable in epidermal water
homogenates stored np to 5 days at 200 C.
Homogenates stored at 40 C showed some loss
of LDH4 and LDH5 after five days.
All six isozymes were found in all freshly pre-
pared epidermal and dermal homogenates made
from skin obtained from surgical incisions.
Epidermis obtained at autopsy showed only
LDH2 No formazan producing enzymes
were observed when lactate or phenazine metho-
sulfate were omitted from the histoehemical reac-
tion mixture for epidermal LDH. With omission
of NAD there is a slight formazan deposition
by LDH0. In the fluorometric analysis of epi-
dermal isozymes none of the six isozymes showed
any activity in the absence of lactate, pyruvate
or either coenzyme.
LDH5 differs from the seven isozymes separated
from rat kidney by starch gel eleetrophoretic
separation. Two of the kidney bands did not
require exogenous NAD+ or phenazine metho-
sulfate. We treated epidermal LDH with butanol
to compare with data reported for rat kidney (9).
These authors treated kidney homogenates with
normal butanol prior to eleetrophoresis in order
TABLE I
Effect of oxalate and urea on epidermal LDH
isozyme activity
Percent loss of activityfitifin° ° ° - '. °
Oxalate (4 mM)*
Urea (1.30 M)**
68 72 79 88 82 68
100 0 10 60 100 100
LDH activity was determined fluorometrieally
after elution of LDH isozymes using pyruvate—
NADH* or laetateNAD+ ** as substrates as
described in "Methods." Reaction mixture con-
tained oxalate or urea at concentrations described.
Percent loss of activity =
Activity with inlubition1— . . . . . . x100Activity without inhibitor
Fm. 3. Effect of 60°C heat prior to eleetrophore-
sis on the stability of human epidermal LDH
isozymas. Times shown in minutes forwhieh api-
dermal homogenates were heated at 60°C.
to ascertain whether this heterogeneity was due
to an association of the enzyme with other cellu-
lar components. Butanol treatment resulted in a
single fraction which migrated to a position
approximately the same as the nonNAD+ and
non-phenazine methosulfate requiring bands.
Twenty percent n-butanol pretreatment of epi-
dermal homogenates abolished LDH5,2,4,5 ac-
tivity in the lactate-tetrazolium media. The
activity of LDH5 was not decreased or increased
and LDH3 was only partially inhibited.
It has previously been shown that oxalate
(19) and urea (20) are inhibitors of LDH. Human
epidermal LDH differs from other tissues in its
response to oxalate (Table I). Oxalate has been
shown to inhibit LDH1 more than LDH5 of
chick (21), human brain and human liver LDH
(22). Table I also demonstrates the effect of urea
with lactate as substrate. Oxalate at 4 mM con-
centration in the reaction mixture results in a
similar inhibition of each of the six isozymes.
LDH5 is completely inhibited by 1.30 M urea
while LDH5 and LDH2 are not affected by urea.
LIDH4 and LDH5 are completely inhibited by
urea, as is LDH5.
LDH isozymes differ in their stability to heat.
Figure 3 shows LDH isozyme patterns after heat-
ing epidermal homogenates in a water bath at
60° C, for various times prior to electrophoresis.
The heating procedure follows that described by
Hershey (23). LDH5 was substantially inhibited
after heating for five minutes at 60° C. LDH5,
LDH1 and LDH2 retained their activity when
heated up to 15 minutes, while L1)H5 was com-
pletely inhibited and LDH4 showed partial loss
of activity.
Homogenates are not centrifuged prior to
electrophoresis because it was previously ob-
served by Hershey (17) that centrifugation left
less than 50% of the epidermal LDH activity in
the supernatant.
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DISCUSSION
There are six electrophoretically distinct iso-
zymes of epidermal and dermal LDH. The
electrophoretic distribution of epidermal and
dermal LDH described here differs from those
previously described by Weber (10) and Carr (11).
In both instances only four separable epidermal
isozymes were observed. Both used different
electrophoretic conditions than the present re-
port and Carr used postmortem tissue instead of
surgical specimens.
The sixth band, LDHS, appears to be a true
lactic dehydrogenase since no deposition of
formazan occurs in the absence of lactate.
Phenazine methosulfate was also necessary to
obtain any formazan deposition. When NAD+
is omitted from the histochemical reaction mix-
ture a less intense band appears in the position
of LDHS . This suggests the possibility that some
NAD has complexed with the LIDHS isozyme.
However, fluorometric analyses of LDHS showed
no measurable LDH activity in the absence of
lactate or NAD+, and there was no measurable
LDH activity in the reverse reaction when
pyruvate or NADH were omitted. These sub-
strate requirements indicate that the LDH8
band observed on the gel cannot be atrributed to
diaphorase or any other tetrazolium reducing
enzymes except LDH. The other isozymes of
LDH (LDH15) required each exogenous com-
ponent of the reaction mixture in all three assay
systems, and resemble the isozymes found in
most other human tissues. LDHS differs from the
unusual isozymes reported in sperm and kidney.
Two of the seven bands observed in rat kidney
LDH by Conklin (9) and the sixth band of rat
kidney LDH observed by Ressler (24) did not
require NAD+ or phenazine methosulfate.
The sixth isozyme of human epidermis shows
several differences in comparison with the other
isozymes of LIDH. LDH2 and LDH1 are only
found in fresh human epidermis and not in the
skin samples obtained at post-mortem. LDH,1,2,3
are stable to heat. Treatment with 20% n-butanol
completely inactivates all except LDH8 and
LDH1. LDHS, LDH5 and LDH4 are completely
inhibited by 1.30 M urea while LDH1 is not
affected under the same conditions. Therefore,
the urea effect in LDH8 resembles the cathodic
isozymes. Thus, LDHS has properties common to
both the anodie and cathodic isozymes normally
observed in tissues.
The current hypothesis states that the five
molecular forms LDH15 represent all possible
combinations of two polypeptide subunits A
and B associated into tetramers. The two basic
subunits form tetramers A4B° designated as
(LDH1) and A3B' designated as LDH4. LDH1
is a tetramer of subunit B namely (A°, B4).
LDH1 and LDH3 are combinations of various
proportions of A and B giving A1B3 and A2B1.
The data presented here indicate that the A
subunits are inactivated by heat and urea while
the B subunits are quite stable under the same
conditions. The results are what one would
expect considering the relative proportions of A
and B in human epidermis (Table I). The urea
inhibition of LDHS suggests it contains A sub-
units however, A subunits are not stable to heat;
the heat stability of LDHS could result from an
association with another protein, or eoenzyme.
Additional subunits of LDH would result from
mutations, and indeed mutations of the genes
controlling the B locus and A locus have been
found. The mutant LDH isozymes result in
multiple components within the five major LDH
zones (25, 26). These mutants do not resemble
LDHS in human epidermis, furthermore, LDHS
hns been found in all human epidermis tested.
Additional subunits of LDH were noted in
trout tissues and attributed to a third genetic
locus and a third subunit designated C (8). Nine
forms of a possible 15 were resolved. The hypothe-
sis was advanced that charge differences of A
and C forms were too small for resolutions of their
tetramers. The possibility that human epidermis
may contain a third basic subunit cannot be pre-
cluded. The amount of LDHS and LDH1 in
epidermis are relatively the same. However, if
the ability to combine with B were the same for A
and a hypothetical C subunits then other hybrid
isozymes should be visible as in trout tissues.
The coincidence of the LDHS band in the pre-
dominant band of soluble epidermal protein
offers the most likely explanation of LDH
Under the conditions for electrophoresis, this
band and LDHS are of the same width and occupy
the same position on the zymogram. LDH8
therefore, may be a tetramer composed of A or B
subunits bound in complex with this epidermal
protein. The complex may also contain some
NAD+ or another electron carrier since small
amounts of tetrazolium were reduced at the site
of LDHS even without added NAD. Such a
complex between a soluble epidermal protein
and an LDH tetramer could account for the
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special physical characteristics of LDHS what-
ever its A or B composition might be. The prop-
erties of LDHS differ from any tetramer formed
from subunits A and B. Human skin may be
unique in this aspect among mammalian tissues,
since isozymes of LDH with the properties of
LDHS have not been found in human liver, kid-
ney, etc., or in epidermis of other species.
SUMMARY
Human epidermal LDH and dermal LDH are
electrophoretically separable into six isozymes.
Rat and monkey epidermis show five and three
LDH isozymes respectively.
The sixth isozyme of human skin LDII (LDH)
has the greatest anodie electrophoretic mobility
and shows chemical and physical properties of
isozymes containing both subunits A and B.
The LDHS was stable in homogenates heated up
to 15 minutes at 600 C, and differs in this regard
from isozymes of subunit A. LDH5 comprised of
subunit A was completely destroyed under these
same conditions. LDHS resembles LDH5 (A4, B°)
in the inhibiting effect of 1.3 m urea while LDH1
(A°, B4) was not affected.
LDHS and the major epidermal protein band,
when separated under these same eleetrophoretic
conditions, coincided in both width and position.
A complex between this soluble epidermal protein
and an LDH tetramer could account for the pres-
ence and the special characteristics of LDI{B
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